Ultrabroadband laser sources are highly desirable in a wide variety of modern science disciplines ranging from physics, chemistry and materials science to information communications and processing. Here we present the design and fabrication of a chirped periodically poled lithium niobate (CPPLN) nonlinear photonic crystal that supports multiple orders of quasiphase matching with finite bandwidth and allows for the simultaneous broadband generation of second and third harmonics with high conversion efficiency. Moreover, the chirp rate has a significant influence on the conversion efficiency and bandwidth. The CPPLN scheme offers a promising approach for the construction of short-wavelength laser sources and enables the generation of the three primary colors-red, green and blue-from a single crystal, which may have potential applications in large-screen laser displays. Keywords: chirped periodically poled lithium niobate; quasiphase matching; second-harmonic generation; third-harmonic generation INTRODUCTION Ultrabroadband laser sources are highly desirable in a wide variety of modern science disciplines ranging from physics, chemistry and materials science to information communications and processing. Laser gain media that are capable of short-pulse generation are available but limited, and they cover only a small portion of the optical spectrum. Shortly after the creation of the first laser in 1960, the door to nonlinear optics was opened because of the discovery of second-harmonic generation (SHG).
INTRODUCTION
Ultrabroadband laser sources are highly desirable in a wide variety of modern science disciplines ranging from physics, chemistry and materials science to information communications and processing. Laser gain media that are capable of short-pulse generation are available but limited, and they cover only a small portion of the optical spectrum. Shortly after the creation of the first laser in 1960, the door to nonlinear optics was opened because of the discovery of second-harmonic generation (SHG).
1 Broad-bandwidth and high-conversion-efficiency SHG, third-harmonic generation (THG), higher-order-harmonic generation and various frequency-mixing and parametric-conversion processes have all provided fascinating routes toward the considerable expansion of the spectral range of laser sources.
To realize high-efficiency SHG, THG and other optical parametric processes, nonlinear optical materials are required to simultaneously satisfy the phase-matching condition and possess large nonlinear optical coefficients in the phase-matching direction. Although many natural nonlinear crystals have large nonlinear coefficients in certain directions, proper phase matching cannot always be achieved because of the dispersion of the material. Thus, the optical birefringent properties of certain birefringent nonlinear crystals are often utilized to compensate for the material dispersion and achieve phase matching. However, the stringent conditions for birefringent phase matching greatly limit the extension of the optical frequency. As an alternative approach, quasiphase matching (QPM), which was first proposed in 1962, 2 launched a new era in nonlinear optics because of several advantages it offers over conventional birefringence phase matching in the frequency-conversion process. These advantages include phase matching in materials that have high nonlinear optical coefficients but low or no birefringence, the utilization of the highest element of the nonlinear susceptibility tensor, the suppression of the walk-off effect and considerable flexibility in the choice of wavelengths involved in nonlinear optical frequency mixing. [3] [4] [5] [6] QPM has been successfully demonstrated in many one-dimensional and two-dimensional nonlinear periodic, quasiperiodic and aperiodic lattices as well as superlattices 7-9 to achieve high-efficiency SHG. The QPM scheme is equally effective for THG. Cascaded processes involving successive SHG and sum-frequency generation (SFG) in a single QPM crystal can be used to create THG. [10] [11] [12] [13] [14] In practice, in addition to a broad bandwidth, high conversion efficiency is also desired. However, there is a tradeoff between conversion efficiency and bandwidth. For example, an effective apodization technique has been proposed to broaden and flatten the wavelengthconversion bandwidth by engineering patterns of QPM step-chirped gratings in poled lithium niobate (LiNbO 3 ) waveguides. 9 This technique has been used to achieve bandwidths of approximately 40 nm with SHG conversion efficiencies of approximately 212 to 220 dB (6.3%-1%). In the case of another design based on engineered inverted domains in the form of step-chirped gratings in MgO-doped poled LiNbO 3 waveguides, the achieved efficiency curves have indicated a bandwidth as large as 65 nm and an SHG conversion efficiency of 222.5 dB (,0.56%). 15 A QPM LiTaO 3 waveguide has been proposed and demonstrated to obtain a bandwidth of 0.35 nm with an efficiency of 57% through modulation of the waveguide width and a bandwidth of 1.12 nm with an efficiency of 29% through modulation of the grating period. 16 Previous studies have demonstrated that the origin of this tradeoff lies in group-velocity mismatch and group-velocity dispersion.
These effects lead to the decrease of the conversion efficiency and the increase of the pulse width in the frequency-conversion process. The use of shorter crystals is an effective method of solving this problem, but when the nonlinear interaction distance is shorter, the conversion efficiency also decreases. Therefore, aperiodic QPM structures have been proposed to circumvent this tradeoff. Aperiodic structures have a broader spectral response than periodic ones. 3 For example, a QPM structure with a linearly varying wave vector along the direction of wave propagation can be used to achieve effective nonlinear pulse compression 18, 19 and to implement various frequency-conversion processes. [20] [21] [22] [23] In this work, we achieve a considerable advancement in this technology through the design and fabrication of chirped periodically poled lithium niobate (CPPLN) nonlinear crystals whose modulation period of nonlinear susceptibility varies along the propagation direction. We demonstrate both theoretically and experimentally that CPPLN can support multiple orders of QPM with finite bandwidth and therefore, allows for simultaneous broadband SHG and THG with high conversion efficiency from a single crystal.
MATERIALS AND METHODS

Principle of the CPPLN scheme
The CPPLN nonlinear crystal has a modulation period of nonlinear susceptibility that varies along the propagation direction. This feature can produce continuously varied reciprocal lattice vectors (RLVs) to compensate the phase mismatching at various wavelengths through the mechanism of chirped QPM. The poled period of the CPPLN crystal is given by L z
Here L 0~2 p=Dk 0 , and D g is the chirp rate. The wave-vector mismatch Dk 0~4 p½n 2 (l 0 ){n 1 (l 0 )=l 0 is defined for SHG at a selected value of the fundamental wavelength, which is l 0 51.4 mm. The central period of this CPPLN structure is deliberately designed to achieve first-order QPM for SHG at 1.4 mm. As illustrated in Figure 1a , the width of the negative domains in the CPPLN structure, l 2 , is fixed to a certain value, and a chirped poling period is obtained by varying the widths of the positive domains, l 1 . The width of the negative domain is fixed to l 2 56 mm. To investigate the effect of the chirp rate on the bandwidth, we designed three chirped structures with different chirp rates: D g1 50.6, D g2 51.2 and D g3 52.4. The poling period is L(z)~l z (z)zl { . The sample length is approximately L516 mm. The width of the positive domain is gradually reduced along the propagation direction, and the corresponding period reduces from 15.276 to 14.595 mm for D g1 50.6, from 15.641 to 14.277 mm for D g2 51.2 and from 16.426 to 13.681 mm for D g3 52.4 along the light-propagation direction. The average period is 14.928 mm, which satisfies the first-order QPM requirement for SHG at 1.4 mm.
For a traditional PPLN structure, the effective wave-vector mismatch is given by Dk(l)~4p½n 2 (l){n 1 (l)=l{G m , where G m~2 mp=L. L is the poling period of the PPLN structure and m represents the QPM order. The poling periods requiring for the first-order QPM of SHG at 1.1, 0.966 and 0.888 mm are 7.464, 4.976 and 3.732 mm, respectively. The average period of our CPPLN structure is 14.928 mm, which can achieve SHG at wavelengths of 1.1, 0.966 and 0.888 mm, corresponding to second-, third-and fourth-order QPM, respectively. The local effective wave-vector mismatch Dk for this CPPLN structure is defined as
As the poling period L(z) decreases along the propagation direction, the reciprocal vector G m (z) gradually increases. Therefore, the local effective wave-vector mismatch Dk(l,z) of our CPPLN structure can continuously vary at a given wavelength l. For a wavelength near l 0 , there will always be a certain value of G m z ð Þ5Dk(l) that allows for completely compensation of the phase mismatch. Thus, our CPPLN structure will always have an effective wave-vector mismatch that varies from Dk.0 to Dk,0, as demonstrated in Figure 1a .
The RLV and the period constant are reciprocal to each other. Numerically, the RLV composition of the structure can be calculated by applying a Fourier transform to the domain-structure position . These bands can be used for broadband and multiwavelength frequency conversion. (e) Combined plots of the phase-mismatch curves for SHG and SFG in a LiNbO 3 crystal and the nonlinear-coefficient curve for the CPPLN structure with a chirp rate of D g 50. 6 . This plot illustrates the mechanisms of SHG, SFG and THG in these CPPLN structures. Points A and B denote the wavelength band (approximately 1.40 mm) in which SHG (FW1FW) and SFG (FW1SHW) can occur simultaneously because of the fulfillment of the QPM condition, leading to simultaneous broadband SHG and THG from this CPPLN structure. CPPLN, chirped periodically poled lithium niobate; CQPM, chirped quasiphase matching; FW, fundamental wave; QPM, quasiphase matching; RLV, reciprocal lattice vector; SFG, sum-frequency generation; SHG, second-harmonic generation; SHW, second-harmonic wave; THG, third-harmonic generation.
Simultaneous broadband SHG and THG BQ Chen et al 2 function, which takes a value of 11 for positive domains and a value of 21 for negative domains. Figure 1b-1d illustrates that the CPPLN structures have four continuous bands of RLVs with high effective nonlinear susceptibility, 24 and the bandwidth increases as the chirp rate increases. This phenomenon is simple to understand. A CPPLN structure with a larger chirp rate has a larger range of variation in the size of its period. According to Fourier analysis, the variation range of the RLV around each order (e.g., first-, second-, third-and fourthorder) of QPM for a perfect PPLN is therefore also larger.
These continuous bands of RLVs enable broadband and multiwavelength frequency conversion, not only for SHG but also for SFG and THG. To clearly illustrate this fact, in Figure 1e , the RLVs curve for the CPPLN structure with D g1 50.6 is plotted alongside the phase-mismatch curves for both SHG and SFG. The SHG and SFG curves both intersect with the RLVs curve several times throughout a very broad wavelength range from the infrared to the visible region, and each has a finite bandwidth. This means that the CPPLN structure enables multicolor broadband SHG and SFG. In addition, the SHG and SFG cross points (points A and B) occur in the same wavelength band at approximately 1.40 mm. This means that simultaneous broadband SHG and THG can occur in this CPPLN structure at approximately 1.40 mm.
Fabrication of CPPLN samples
We fabricated the CPPLN samples using the electric poling technique at room temperature. Standard optical-grade Z-cut LiNbO 3 crystals of 0.5 mm in thickness were used. First, we deposited a thin layer of photoresist onto the 1Z surface of the crystal, which was then lithographically patterned with the designed chirped lattices. The exposed area was brought into contact with liquid electrolyte, which consisted of a saturated solution of lithium chloride in deionized water. The unexposed area was separated from the liquid electrolyte by the photoresist. Then, a pulsed electric field of approximately 24 kV mm 21 was applied on two sides of the crystal to complete the domain reversion. We etched the sample in hydrofluoric acid for 10 min to make it possible to observe the poled pattern using a microscope.
Measurement of the nonlinear conversion efficiency
The SHG and THG conversion efficiencies of the CPPLN samples were measured using a tunable optical parametric oscillator pumped by a 1064 nm Nd:YAG laser. The average optical parametric oscillator output was approximately 5-20 mW at 850-1450 nm, and the pulse width and repetition rate were 3.5 ns and 10 Hz, respectively. The fundamental wave (FW) was weakly focused with a spot radius of approximately 200 mm and was coupled into the polished end of the sample. The peak value of the FW pump power was at the modest level of 0.1 GW cm 22 . Then suitable filters were used to separate the fundamental wave and the harmonics, and a power meter was used to record the pulse power, from which the conversion efficiency was calculated.
RESULTS AND DISCUSSION
The conversion efficiencies for SHG and THG were first evaluated theoretically by solving the standard nonlinear coupled-wave equations for the FW, the second-harmonic wave (SHW) and the thirdharmonic wave (THW). The detailed mathematical formulations are provided in the Supplementary Information, and a typical result for the nonlinear wave evolution including the FW, the SHW and the THW is illustrated in Supplementary Fig. S1 . The calculation results for the three different chirp rates are presented in Figure 2 . The phasecompensation scheme in our chirped QPM structure is explicitly noted in the inset for each conversion-efficiency peak. From Figure 2a for SHG, it is evident that our structure can achieve QPM at various orders for SHG, and as D g increases, the bandwidth widens but the conversion efficiency decreases. There are four wavelength regions around central wavelengths of 1.4, 1.1, 0.97 and 0.89 mm, which correspond to the first-, second-, third-and fourth-order QPM processes, respectively. The bandwidths of the four orders for D g 50.6 are 25, 15, 14 and 12 nm, respectively. For D g 51.2, they are 48, 31, 26 and 24 nm, respectively, whereas for D g 52. 4 , they increase to 97, 63, 51 and 46 nm, respectively. The conversion efficiencies for the four orders for D g 50. 6 are approximately 70%, 20%, 7% and 8%, respectively. For D g 51.2, they are 60%, 10%, 4% and 4%, respectively, whereas for D g 52.4, they are 40%, 5%, 2% and 2%, respectively.
The bandwidth broadening and the tradeoff between bandwidth and conversion efficiency can also be clearly observed in Figure 2b for THG. All these phenomena are closely related to the characteristics , and the maximum conversion efficiency of 8% is achieved for D g 50. 6 . Although some tradeoff cannot be avoided, the CPPLN crystals still exhibit good overall performance in terms of both broad bandwidths and high conversion efficiencies. By comparison, a traditional PPLN structure can only provide discrete RLVs and thus cannot achieve frequency conversion over a broad spectrum of wavelengths. We fabricated several CPPLN samples with different chirp rates using the electric poling technique at room temperature. Figure 3 presents a microscopic image of a typical CPPLN sample. Figure 3a illustrates that the negative domains are very uniform over the entire sample. Figure 3b provides higher magnification images of two different parts of the sample, in which the reduction in the positive-domain width along the light-propagation direction can be clearly seen. The measured conversion efficiencies of SHG and THG are presented in Figures 4a-4c and 5a-5c, respectively, over a broad range of wavelengths of the FW pumping light. Three CPPLN samples (samples 1, 2 and 3), with chirp rates D g of 0.6, 1.2 and 2.4, respectively, were evaluated and compared in great detail. It can be seen that for samples 1, 2 and 3, the SHG conversion efficiencies for first-order QPM are approximately 50%, 40% and 30%, respectively, but the bandwidths are approximately 26, 46 and 98 nm, respectively. The conversion efficiencies (bandwidths) of samples 1, 2 and 3 for second-order QPM are approximately 25% (16 nm), 20% (24 nm) and 11% (58 nm), respectively; for third-order QPM, they are approximately 14% (15 nm), 13% (29 nm) and 8% (53 nm), respectively. In the case of THG, the conversion efficiencies are approximately 4%, 3% and 2%, and the bandwidths are approximately 21, 42 and 74 nm for samples 1, 2 and 3, respectively. Clearly, when the chirp rate is increased, the bandwidth is broadened at the cost of a reduction in the conversion efficiency for both SHG and THG; these finding are in very good agreement with the theoretical results presented in Figure 2 . The experimental conversion efficiency is lower than the theoretical value, and we believe that this is because the intensity of the incident light was not sufficiently high and because there was some energy loss during the measuring process. The discrepancy may also be related to a deviation of the nonlinear lattices in the real CPPLN samples from the ideal structure. 25 Further numerical calculations indicate that the THG conversion efficiency significantly increases when the FW pumping power and the sample length are increased, as illustrated in Supplementary Fig. S2 .
The output SHW and THW beams radiating from the CPPLN samples were recorded using cameras. When the incident wavelength was continuously tuned from 850 to 1480 nm, SHG was constantly observed with a color that changed continuously from purple to red, and THG was observed with a continuous change from blue to green when the incident wavelength was tuned from 1360 to 1610 nm. Photographs of SHW and THW beams are provided in Figures 4d  and 5d , respectively, for several typical wavelengths. The incident FW light was a Gaussian beam, and all SHW and THW beams exhibited good modal profiles consistent with Gaussian beams. These results strongly indicate that our CPPLN samples have high ferroelectricdomain uniformity such that the scattering of FW, SHW and THW light caused by disorders, defects, roughness and non-uniformity in the sizes of the positive and negative ferroelectric domains in the CPPLN samples is negligible in the directions both parallel (namely, the z axis) and perpendicular (namely, the x and y axes) to the lightpropagation direction. Note that our CPPLN samples exhibit four a b 6 mm 8.9 mm 6 mm 8.3 mm Our CPPLN structure offers several RLV bands to support various second-order QPM nonlinear processes such as SHG and SFG, leading to the realization of higher-order processes such as THG. Although other structures, such as quasiperiodic lattices, 7, 11 can perform similar tasks, our chirped structures support a finite bandwidth for each RLV band, and this feature strongly facilitates THG because there is no need for stringent accuracy in ferroelectric-domain fabrication to ensure that the QPM conditions are satisfied. Clearly, this CPPLN scheme is also applicable to harmonic generation at even higher orders with a broad, tunable bandwidth and high frequency-conversion efficiency.
CONCLUSIONS
We have fabricated CPPLN crystals composed of negative domains of fixed-width and variable-width positive domains. Because the period is deliberately chirped, these structures provide several continuous RLV bands with large effective nonlinear susceptibility, thereby enabling simultaneous SHG and THG from a single sample. Both experimental observations and theoretical calculations indicate that these samples exhibit high performance in terms of a balance between high efficiency and broad bandwidth. The samples support not only the typical firstorder QPM process but also several higher-order QPM processes that are required for SHG and SFG, whose position and bandwidth can be controlled as desired. As a result, a single CPPLN crystal can generate three primary colors with a broad bandwidth. In addition, a CPPLN sample can support QPM for both SHG and SFG in the same wavelength band, leading to simultaneous broadband SHG and THG from a single crystal. The maximum SHG bandwidth is 98 nm with a conversion efficiency of 30%, and the maximum THG bandwidth is 74 nm with a conversion efficiency of 2%. These results strongly indicate that these CPPLN structures are good candidates for use as short-wavelength laser sources in applications related to large-screen laser display technology and photoelectron spectrometers. 
